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A HYBRID VASCULAR 
MODEL BIOMIMICKING THE 
HIERARCHIC STRUCTURE 
OF ARTERIAL WALL: 
NEOINTIMAL STABILITY 
AND NEOARTERIAL 
REGENERATION PROCESS 
UNDER ARTERIAL 
CIRCULATION 
A layered-structure hybrid vascular graft, mimicking the hierarchic struc- 
ture of the intima and media of a natural artery, is expected to exhibit 
antithrombogenicity and to accelerate neoarterial tissue formation. Two 
models of hybrid vascular grafts were prepared on knitted Dacron fabric 
grafts (inner diameter 4 ram, length 6 era). Model I grafts consisted of an 
endothelial cell monolayer formed on collagenous matrix, and model II 
grafts consisted of an endothelial cell monolayer that formed on hybrid 
collagenous medial tissue in which smooth muscle cells were incorporated. 
Both models (n = 17 for each model) were implanted bilaterally in carotid 
arteries and left in place for up to 26 weeks. Although all of the implanted 
grafts were patent, the two models significantly differed in the degree of 
maturity of the regenerated neoarterial wall especially at earlier implan- 
tation periods. At 2 weeks, model II grafts showed a much higher degree of 
neointimal integrity than model I grafts: a smooth and organized neointi- 
mal layer was formed, which was free from leukocyte adhesion. On further 
increase of implantation time, the formation of neomedia (subendothelial 
smooth muscle cell layers) and circumferential orientation of both smooth 
muscle cells and coilagenous extracellular matrix were much more ad- 
vanced in model H grafts than in model I grafts. At 26 weeks after 
implantation, layered elastic laminae regenerated along cireumferentially 
oriented smooth muscle cells in neomedia were observed only in model II 
grafts. Irrespective of model, little excessive smooth muscle cell prolifera- 
tion occurred. A hierarchically structured hybrid graft eventually provided 
a more integrated neointimai layer and accelerated neoarterial tissue 
formation much more than model I grafts. The significance of the incor- 
poration of smooth muscle cells into hybrid grafts is discussed. (J THORAC 
CARDIOVASC SURG 1995;110:988-97) 
Takehisa Matsuda, PhD a and Hiromichi Miwa, MD, a' b 
Osaka and Nagano, Japan 
A natural artery has a hierarchically layered struc- ture that consists of the intima, the media, and 
the adventitia. These layers contain endothelial cells 
(ECs), smooth muscle cells (SMCs), and fibroblasts, 
respectively. Homeostasis and physiologic function 
of the artery are maintained via intercellular regu- 
lation of these cells. It has been reported that EC 
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seeding onto vascular grafts leading to the forma- 
tion of a fully covered EC layer provides a non- 
thrombogenic potential similar to that of natural 
arteries.i, 2 Although endothelialization techniques 
have been improved in the preparation of EC- 
seeded hybrid grafts, it has been reported that EC 
delamination i  the acute phase of implantation is
still problematic. 3 Once EC-seeded grafts enter the 
long-term phase after subendothelial layers are re- 
generated by ingrown SMCs, an EC monolayer with 
high hydrodynamic stability is attained in a dynamic 
environment. 
If intercellular communication between ECs and 
SMCs operates to enhance the stability of the EC 
monolayer, a hybrid vascular graft biomimicking the 
hierarchic structure of an artery may provide intimal 
stability and concomitantly exhibit antithromboge- 
nicity in the acute phase of implantation. Moreover, 
The Journal of Thoracic and 
Cardiovascular Surgery 
Volume 110, Number 4, Part 1 
Matsuda and Miwa 9 8 9 
the incorporation of SMCs into hybrid grafts may 
alter the tissue regeneration process in a positive or 
negative manner as follows. Because SMCs secrete a
variety of extracellular matrices uch as collagen and 
elastin, it is expected that SMC-incorporated hybrid 
grafts may accelerate tissue regeneration. If incor- 
porated SMCs, which are in the synthetic phenotype 
on in vitro culture, maintain this phenotype in vivo, 
neoarterial thickening resulting from excessive pro- 
liferation of SMCs occurs. This eventually leads to 
narrowing of the graft lumen, which results in 
occlusion in the long-term phase. In our previous 
study, 4 in vitro reconstruction of a hierarchically 
structured hybrid vascular graft that had an EC 
monolayer and SMC multilayers was reported. 
In this study, we prepared EC-seeded hybrid 
grafts (model I grafts) and hybrid grafts with a 
layered structure of ECs and SMCs (model II grafts) 
and implanted these hybrid grafts in dogs for up to 
26 weeks. The time course of the neoarterial forma- 
tion process of implanted grafts was studied by 
histologic evaluation. In the comparison of these 
two models, this article focuses on (1) the stability of 
the EC monolayer in the acute phase of implanta- 
tion and (2) the regeneration process of the vascular 
tissues in the long-term phase, with special emphasis 
placed on the significance of incorporation of SMCs 
into a hybrid graft. 
Material  and methods 
Harvest and culture of vascular cells. Eighteen adult 
mongrel dogs (weight range 25 to 35 kg) were used in this 
study in compliance with the "Principles of Laboratory 
Animal Care" (formulated by the National Society for 
Medical Research) and the "Guide for the Care and Use 
of Laboratory Animals" (NIH Publication No. 86-23, 
revised 1985). Animals were anesthetized with pentobar- 
bital sodium (25 mg/kg) and intubated and the lungs were 
mechanically ventilated by means of a constant-volume 
ventilator. After systemic anticoagulation with intrave- 
nous heparin (100 U/kg) an 8 cm segment of the unilateral 
external jugular vein was excised. 
ECs were harvested from the vein by the method of 
Jaffe 5 with some modifications. Briefly, the vein was 
filled with 0.1% collagenase (CoUagenase N-2, Nitta 
Gelatin, Osaka, Japan) in Hanks' balanced salt solution 
(with calcium and magnesium; Nissui, Tokyo, Japan) 
for 14 minutes at 37 ° C, and harvested ECs were 
resuspended in 1.5 ml medium 199 (M199; Gibco, 
Grand Island, N.Y.) 6 supplemented with 20% heat- 
inactivated fetal bovine serum (FBS; HyClone, Logan, 
Utah), 25 ng/ml basic fibroblast growth factor (R&D, 
Minneapolis, Minn.), 25 /xg/ml heparin (Wako, Osaka, 
Japan), 50 U/ml penicillin, 50 txg/ml streptomycin, and 
2.5 txg/ml amphotericin (Fungizone; Flow Laboratories, 
Irvine, Scotland). ECs were then inoculated onto a 2 
cm 2 collagen-coated tissue culture dish (Corning Glass, 
Corning, N.Y.). SMCs were harvested from the media 
of the external jugular vein by the method of Ross 6 with 
some modifications. The media was cut into small 
fragments, placed onto culture dishes, and immersed in 
M199 supplemented with 10% FBS. 
Each dish with ECs or SMCs was incubated at 37 ° C in 
a 5% carbon dioxide atmosphere and the medium was 
changed every other day. When confluency was reached, 
cells were subcultured several times at a ratio of 1:4, 
yielding four confluent 56 mm 2 dishes each with ECs or 
SMCs. The identification of ECs was made on the basis of 
their appearance (cobblestone morphologic features) at 
confluence observed by a phase-contrast microscope and 
also with the use of a fluorescent acetylated low-density 
lipoprotein (Biomedical Technologies, Stoughton, Mass.) 
observed under a fluorescent microscope. To identify 
SMCs, immunohistochemical st ining with muscle-actin- 
specific monoclonal antibody (HHF35, Enzo Biochem, 
New York, N.Y.) 7 was done. A cell count was done on an 
aliquot of the cell suspension (model Zm, Coulter Elec- 
tronics, Hialeah, Fla.). 
In vitro reconstruction of vascular wall. Knitted Da- 
cron fabric vascular prostheses (Microknit, Golaski Lab- 
oratories, Inc., Philadelphia, Pa.; innerdiameter 4 mm, 
length 7 cm, water porosity 4000 ml/cm 2per minute) were 
used. We previously reported that the complex gel of type 
I collagen and dermatan sulfate (weight ratio of 100:1) 
exhibited enhanced adhesion and growth of ECs and 
reduced adhesion of platelets. 8 We used this complex gel 
as artificial extracellular matrices for both ECs and SMCs 
in this study. Two models of hybrid grafts were con- 
structed. The model II graft was prepared as follows. A 
cold mixed solution containing 6 × 106 cultured SMCs, 6 
ml 0.5% acid-solved type I collagen (derived from bovine 
skin; Koken Corp., Tokyo, Japan), 0.3 mg dermatan 
sulfate (Seikagaku Ind., Tokyo, Japan), and 6 ml M199 
was prepared. The graft, mounted on a specially designed 
stainless teel holder, was filled with 4 ml of the cold 
mixed solution under pressure and rotated around its 
longitudinal axis at 600 rpm for 10 minutes by a specially 
designed tubular spin coater. The residual solution in the 
graft was washed with Hanks' balanced salt solution. 
Three repetitions of this procedure and subsequent incu- 
bation at 37°C for 10 minutes enabled the formation of 
the hybrid media composed of multilayered SMCs embed- 
ded in a complex gel of type I collagen and dermatan 
sulfate. 
Cultured ECs were then seeded onto the hybrid media- 
prelined graft as follows. After 1 ml of EC suspension i  
M199 supplemented with 20% FBS was poured into the 
hybrid media-prelined graft, the graft was allowed to lie 
horizontally and incubated at 37 ° C for 20 minutes. The 
graft was then rotated 90 degrees around its longitudinal 
axis and a new EC suspension was poured into it. This 
process was repeated four times to seed the ECs at a 
density of 6.6 × 105 cells/cm 2 on the graft luminal surface. 
The seeded grafts were maintained in M199 supple- 
mented with 20% FBS, 25 ng/ml fibroblast growth factor, 
and 25 /xg/ml heparin for an additional 3 days before 
implantation. 
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The model I graft was prepared according to the same 
procedure as described, but without he incorporation of
cultured SMCs into the complex gel. 
Graft implantation. After systemic anticoagulation 
with intravenous heparin (200 U/kg) was achieved in the 
dog, both models of grafts (length 6 cm) were implanted 
bilaterally with the use of vertical end-to-end anastomoses 
with 6-0 polypropylene sutures in the carotid arteries of 
the same dog from which the vascular ceils were har- 
vested. The remaining 1 cm of both grafts was subjected to 
histologic examination of preimplanted grafts. Neither 
anticoagulant or antiplatelet agents were administered, 
except for the intraoperative h parin. 
Microscopic evaluation. When the projected implanta- 
tion period was over, animals were subjected to systemic 
anticoagulation with intravenous heparin (200 U/kg), and 
the artery proximal and distal to each graft was cannu- 
lated. After in situ fixation was done with 2% paraform- 
aldehyde, 0.5% glutaraldehyde, and 0.1% tannic acid in 
0.1 mol/L sodium cacodylate, pH 7.4, at 100 mm Hg for 1 
hour, grafts with their local arterial supplies were removed 
and further fixed by immersion in the same fixative for 8 
hours. Samples for light microscopic evaluation were 
stained with hematoxylin-eosin tain, Masson's trichrome 
stain, and orcein (elastin) stain. To identify cell types 
in the graft, immunohistochemical staining was done. 
Specimens were stained by the biotin-avidin-peroxidase 
method with antibody against factor VIII-related antigen 
(Dako Laboratories, catalog no. A082, Glostrup, Den- 
mark) for ECs and by HHF35 for SMCs. Samples for 
scanning electron microscopy, which were lyophilized and 
subsequently sputter-coated with platinum, were evalu- 
ated with a scanning electron microscope (S-4000, Hita- 
chi, Tokyo, Japan). 
EC coverage. EC coverage was measured for preim- 
planted and implanted grafts. The sampling sites, 10 sites 
in each graft, were designated before the planimetric 
analysis to ensure unbiased sampling. With scanning 
electron micrographs at200x magnification, EC coverage 
was obtained by a computer-assisted image processor 
(LA500, Pias Inc., Osaka, Japan). 
Thickness of the neoarterial wall. The neoarterial wall 
of the graft was defined as the layer between the EC 
monolayer and the vascular prosthesis. Intimal thickness 
was obtained from averaged neoarterial thicknesses mea- 
sured at 20 points in a transverse section of a midportion 
of a graft, which was enlarged 200 times by means of the 
image processor. Planimetric results were expressed as 
mean plus or minus the standard eviation. Comparisons 
of variables between groups were made by one-way anal- 
ysis of variance. When the F test indicated a statistically 
significant difference between groups, comparisons be- 
tween the two groups were done with the two-tailed 
Student's t test; significant differences were defined byp < 
0.05. 
Results 
Reconstruction of vascular wall and implanta- 
tion. Two models of hybrid grafts were prepared on 
knitted vascular grafts and implanted bilaterally in 
carotid arteries of dogs. Model  I grafts consisted of 
the EC monolayer, and model II grafts consisted of 
the EC monolayer and SMC multilayers. A mixed 
solution of collagen and dermatan sulfate was first 
uniformly coated on a knitted vascular prosthesis 
and subsequently thermally gelled to form collage- 
nous meshes on the luminal surface. The formed gel 
served as an artificial basement membrane for ECs. 
When the solution was premixed with SMCs, the 
formed gel served as a hybrid media and as an 
artificial basement membrane for model II grafts. 
The number of SMCs actually incorporated into 
model II grafts was adjusted to be (4.2 ___ 0.5) x 104 
cells/cm 2of the graft luminal surface. ECs adhered 
and spread well on the mixed collagenous meshes 
within several hours after high-density seeding 
(number of adhered ECs was (2.1 z 0.2) x 105 
cells/cm 2 for both models). The additional 3-day 
graft incubation before implantation resulted in the 
formation of a completely endothelialized luminal 
surface for both models, which was confirmed by 
scanning electron microscopic observation. The his- 
tologic sections of these grafts revealed that a 
swollen gel (thickness approximately 50/xm) existed 
beneath the EC monolayer. For model II grafts, 
SMCs embedded in the complex gel were randomly 
oriented. 
These two model grafts were bilaterally implanted 
in canine carotid arteries. Among the 18 animals 
that received implantation, one animal was excluded 
from this study at 3 days after implantation because 
of bleeding from the anastomosis. Thus 17 animals 
were killed at the projected implantation periods: 
n = 5 for each model at 2 weeks, n = 2 at 4 weeks, 
n = 5 at 12 weeks, and n = 5 at 26 weeks. All the 
implanted grafts were patent regardless of model. 
Microscopic appearance of luminal surfaces. 
Scanning electron microscopic observation with the 
aid of planimetric analysis revealed that the hybrid 
grafts, irrespective of model, were fully endothelial- 
ized after implantation. No defects caused by non- 
endothelialization or delamination were observed. 
At 2 weeks after implantation, there were some 
differences in luminal surface morphologic appear- 
ance between the two models. The luminal surfaces 
of model I grafts showed a slightly reduced degree 
of endothelialization (endothelialized area 89.4% ___ 
5.5%). As shown in Fig. 1, A, flat, elongated ECs at 
crests of crimps of the Dacron fabric vascular pros- 
thesis were oriented along the direction of blood 
flow similarly to those of natural arteries, whereas 
ECs at troughs of crimps, which were somewhat 
polygonally shaped, lost their regular orientation. 
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Fig. 1. Scanning electron micrographs of both models at 2 weeks after implantation (A through C, model 
I grafts; D through F, model II grafts). A, Cut edge and luminal surface ofmodel ! graft. Luminal surface 
followed crimps of Dacron fabric vascular graft (original magnification x80). B, Luminal surface was 
almost covered with ECs. ECs at troughs of crimps lost their regular orientation along direction of blood 
flow (original magnification × 200). C, Leukocyte adhesion on ECs and migration i to their interstices were 
occasionally observed (original magnification x3000). D, Cut edge and luminal surface of model II graft. 
Troughs of crimps were filled with extracellular matrices, thereby flattening luminal surface (original 
magnification x 80). E, Luminal surface was completely endothelialized. ECs were oriented along direction 
of blood flow (arrow) (original magnification x200). F, ECs were tightly joined to each other (original 
magnification X3000). 
Leukocyte adhesion on ECs and migration into their 
interstices were occasionally observed at disorga- 
nized EC layers at the troughs (Fig. 1, B and C). 
In model II grafts at 2 weeks after implantation, 
troughs of crimps were found to be filled with 
extracellular matrix, which thereby flattened the 
luminal surface. Actually, little surface waving de- 
rived from geometric onfigurations of crimps of 
grafts was observed. The luminal surfaces were 
completely covered by the continuous EC layer 
(endothelialized area 100%) (Fig. 1, D, E, and F). 
Flat, elongated ECs were tightly joined to each 
other and oriented along the direction of blood flow. 
Leukocyte adhesion or migration was rarely ob- 
served. Further implantation did not cause any 
differences in the integrity of the EC layer for model 
II grafts. Model I grafts at 12 and 26 weeks after 
implantation exhibited well-integrated EC monolay- 
ers (endothelialized area 100%) that were compa- 
rable to those of model II grafts at the same 
implantation periods. 
Neoar ter ia l  wa l l  fo rmat ion  process .  The neoarte- 
rial wall formation process of implanted grafts was 
studied uring the entire period by light microscopic 
observation of histologic samples. At 2 weeks after 
implantation, histologic samples of model I grafts 
revealed a thin collagenous layer beneath the EC 
monolayer, into which cellular invasion from sur- 
rounding connective tissues was just initiated (Fig. 2, 
A). In model II grafts, the regenerating eoarterial 
wall consisted of populated cells and dense extracel- 
lular matrix (Fig. 2, B). These cells, distributed 
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Fig. 2. Transverse sections f both models at 2 weeks after implantation (all original magnifications × 66). 
A, Model I graft. Thin collagenous layer was observed beneath EC monolayer (hematoxylin-eosin stain). B and 
C, Model II graft. Neomedia consisting of populated cells and extracellular matrix was observed beneath EC 
monolayer (B). Capillaries (arrow) arising from surrounding tissue were observed (hematoxylin-eosin stain). 
These cells were identified as SMCs (muscle-actin-specific monoclonal antibody stain [C]). 
throughout almost the entire length of the grafts, 
were identified as SMCs by their positive reactivity 
to a muscle-actin-specific monoclonal antibody 
(HHF35) (Fig. 2, C). SMCs in the upper layer of 
regenerated neoarterial wall in transverse sections 
were spindle-shaped (Fig. 2, B), whereas those in 
longitudinal sections were spherical. The marked 
morphologic difference between the two sections 
showed that SMCs in the upper layer tended to be 
oriented circumferentially, whereas SMCs in the 
lower layer did not exhibit a regular orientation. A 
thin layer close to polyester fiber bundles was abun- 
dant in capillaries arising from the surrounding 
connective tissues. 
In model II grafts at 12 weeks after implantation, 
most cells were oriented circumferentially in the 
neoarterial wall (Fig. 3, A). SMCs were found to 
accumulate in the inner two thirds of the neoarterial 
wall (Fig. 3, B). The outer one third of the neoar- 
terial wall was found to be mainly composed of 
extracellular matrix, in which capillaries and a much 
lesser density of cells that were not stained with 
HHF35 were distributed. Masson's trichrome stain 
revealed that the extracellular matrix was abundant 
in collagen fibers, which were also oriented circum- 
ferentially (Fig. 3, C). In model I grafts at 12 weeks 
after implantation, SMC ingrowth and collagenous 
matrix production were noticed. These morphologic 
features uch as SMC distribution and orientation 
were almost comparable to those of model I1 grafts 
at 2 weeks. 
Fig. 4 shows histologically stained tissues of model 
II grafts at 26 weeks after implantation, which are 
transversely sectioned. There was little difference in 
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Fig. 3. Transverse sections f model II grafts at 12 weeks after implantation (all original magnifications 
x66). A, SMCs showed predominance of circumferential orientation (hematoxylin-eosin stain). B, SMCs 
accumulated in inner two thirds of neoarterial tissue (neomedia) (muscle-actin-specific monoclonal 
antibody stain). C, Outer one third of neoarterial tissue contained abundant collagen fibers, which w re 
also oriented circumferentially (neoadventitia) (Masson's trichrome stain). 
the cellular distribution and orientation of regener- 
ated neoarterial walls between the two models: 
SMCs, densely accumulated at the inner two thirds 
of the neoartery, were oriented circumferentially in 
both models (Fig. 4, A and B). Capillaries disap- 
peared at this period. However, orcein staining of 
neomedia, thereby specific staining of elastic fibers, 
differentiated the degree of regeneration of elastic 
fibers between the two models: in model II grafts, 
the elastic laminae, which were also circumferen- 
tially layered parallel to the orientation of SMCs, 
were formed in the subendothelial SMC layers (Fig. 
4, C), whereas only small scattered pieces of irreg- 
ular elastin fibers were seen in model I grafts. 
Fig. 5 shows time-dependent changes in the mean 
thickness of the neoarterial wall of both models. The 
thickness of highly water-swollen collagenous gel 
layers was about 50 /xm for both models before 
implantation. In model I grafts, the average thick- 
ness decreased to 30 /xm at 2 weeks, then rapidly 
increased with time to 105/xm at 12 weeks and 170 
/xm at 26 weeks after implantation. In model II 
grafts, the mean thickness increased rapidly at the 
earlier period of implantation: the thickness was 110 
tzm at 2 weeks and 190 txm at 12 weeks. However, 
longer implantation led to a decrease, and the 
thickness was 150 tzm at 26 weeks. There was no 
significant difference in the neoarterial thickness 
between the two models at 26 weeks. 
As mentioned before, HHF35 staining differenti- 
ated the neoarterial wall into two layers: SMC- 
containing layer (positive reactivity to HHF35: up- 
per layer) and non-SMC layer (negative reactivity to 
HHF35: lower layer). Although the determination 
of distinct compartmentalization between the SMC 
layer and non-SMC layer was quite difficult, the 
thicknesses of these two layers, which were plani- 
metrically determined, were roughly approximated 
as a function of the implantation time (Table I). 
There was no significant difference in the thickness 
of the SMC-containing layer except for in model I 
grafts at 2 weeks, irrespective of model and implan- 
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Fig. 4. Transverse sections f model II grafts at 26 weeks after implantation (original magnifications f A
and B ×66; C × 132). A, SMCs circumferentially oriented (hematoxylin-eosin stain). B, SMCs accumulated 
in inner half of neoarterial tissue (neomedia). Thickness of neoadventitia w s reduced compared with that 
of model II grafts at 12 weeks (muscle-actin-specific monoclonal antibody stain). C, Layers of elastic 
laminae were observed parallel to orientation of SMCs in neomedia (orcein stain). 
tation period. The SMC-containing layers at 12 
weeks' and 26 weeks' implantation were about 90 to 
120 /zm. The change in the total neoarterial wall 
thickness was attributed to the change in the thickness 
of non-SMC layers. For model I grafts, a considerable 
increase in the thickness of the non-SMC layers during 
the implantation period from 12 to 26 weeks was 
observed, whereas a considerable decrease during the 
same period was observed for model II grafts. 
Discussion 
The concept of EC seeding onto small-caliber 
vascular grafts has been verified to reduce thrombo- 
genicity of the graft luminal surface when these were 
implanted. However, delamination of seeded ECs 
because of hydrodynamic shear stress 3 and disrup- 
tion of the endothelial monolayer by activated leu- 
kocytes, 9 both of which lead to reduced antithrom- 
bogenicity, were often observed in the acute phase 
of implantation. Because a natural artery has a 
hierarchic structure in which ECs, SMCs, and fibro- 
blasts exist as separate layers, the homeostasis of a 
healthy artery must be maintained by interactions of 
the layers through autocrine or paracrine factors 
and through extracellular matrix) ° Therefore ECs 
simply seeded on a vascular prosthesis are consid- 
ered not to be as stable as natural ones in the acute 
phase of implantation because they lack interactions 
with a physiologic subendothelial matrix and other 
vascular cell types such as SMCs and fibroblasts. 
Yue and associates 1l have shown that SMC seed- 
ing onto vascular grafts enhances the process of 
arterial wall regeneration including spontaneous 
neoendothelialization. Such evidence suggests that 
the incorporation of SMC layers in a hybrid graft 
increases the stability of the EC layer in the acute 
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phase and accelerates neoarterial wall regeneration 
in the long-term phase. Under the working principle 
mentioned herein, we prepared EC-seeded and 
EC/SMC-seeded hybrid grafts and compared the 
degrees of endothelial stability and neoarterial wall 
regeneration potential between the two models for 
up to 6 months after implantation. Because our 
previous studies have shown that a mixed gel of 
collagen and dermatan sulfate serves as an extracel- 
lular matrix with high adhesion potential for ECs 
and reduced adhesion reactivity to platelets, 8" 12 the 
mixed gel, which was uniformly formed by in situ 
thermal gelation, was used as a two-dimensional 
artificial basement membrane for ECs and a three- 
dimensional rtificial medial extracellular matrix for 
SMCs. Complete ndothelialization before implan- 
tation for both models and entrapment of SMCs in 
hybrid media in model II grafts were attained. 
This study clearly differentiated the tissue regen- 
eration potentials between the two hybrid grafts in 
vivo in terms of intimal stability, neoarterial regen- 
eration, and phenotypic alteration of SMCs. Neoar- 
terial tissues were conventionally divided into the 
following three subtissues according to the defi- 
nition made by van der Lei and associates: a3 an 
endothelial lining as neointima, subendothelial SMC 
layers (stained by HHF35) as neomedia, nd fibrohis- 
tiocytic tissue (not stained by HHF35) in the deepest 
layer as neoadventitia. As for the neointima, model II 
grafts at 2 weeks after implantation exhibited much 
higher degrees of stability and integrity than model I
grafts. That is, as clearly observed by scanning micro- 
scopic observation studies, an integrated neointima 
with full endothelialization and high cellular orienta- 
tion parallel to the direction of blood flow, resembling 
that of natural arteries, was formed in model II grafts 
(Fig. 1, D through F), whereas the neointima of model 
I grafts at this period showed aless integrated luminal 
surface with a reduced EC coverage probably derived 
from delamination, massive leukocyte adhesion, and 
irregular cellular alignment (Fig. 1, A through C). 
However, longer implantation did not produce a dif- 
ference in luminal surface integrity between the two 
models. 
As for neomedial regeneration, a marked differ- 
ence between the two models was observed at 2 
weeks' implantation. For model I grafts, the neoar- 
terial thickness (approximately 30 /xm in Table I) 
was smaller than that (approximately 50Ixm) before 
implantation, indicating that there was no sign of 
neomedial regeneration. Only a thin collagenous 
layer with a few cells was observed. Surface waving 
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Fig. 5. Time-dependent changes in thickness of neoarte- 
rial tissue of both models. Neoarterial tissue was defined 
as reconstructed tissue found between endothelialized 
luminal surface and Dacron fabric vascular graft. Com- 
parisons between two models at same implantation peri- 
ods were made. Asterisks indicate p < 0.05. 
because of the crimp structure of the Dacron fabric 
graft was observed. On the other hand, a markedly 
regenerated neoarterial tissue (thickness approxi- 
mately 110 izm) mainly a result of the increase in the 
neomedial thickness was observed for model II 
grafts at this period, which resulted in the formation 
of a fiat luminal surface without any crimp structure 
(Fig. 1, D). 
Further implantation time led to the maturity of 
regenerated neoarterial tissue for both hybrid grafts. 
For the model I grafts, a rapidly increased thickness 
of the neoarterial wall was observed (Table I), which 
reached approximately 105 /zm at 12 weeks mainly 
because of the increase in the neomedial thickness 
and 170/xm at 26 weeks after implantation. On the 
other hand, the thickness of model II grafts in- 
creased to 195/zm at 12 weeks mainly because of the 
increase in the neoadvential thickness, but de- 
creased to 150/zm at 26 weeks because of degener- 
ation of the neoadventitial tissue. As clearly shown 
in Table I, the thickness of the neomedia, which 
ranged from approximately 90to 120/zm, once the 
neomedia was formed, did not significantly changed 
with time, irrespective of model. The change in the 
thickness of neoarterial wall in the long-term phase 
was found to be mainly determined by the thickness 
of the neoadventitia. 
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Table I. Time-dependent changes in thickness of neoarterial, neomedial, and neoadventitial tissues of hybrid 
grafts 
Implantation period 
2 wk 12 wk 26 wk 
Model I graft 
Neoarterial tissue (/xm) 30.3 _ 27.1 105.0 -4- 21.4 168.0 _ 42.2 
Neomedia (/xm) 0 92.4 +_ 16.2" 122.5 +__ 24.0"t 
Neoadventitia (/xm) 30.3 _+ 27.1 12.6 -4- 6.8 45.5 ___ 23.5 
Model I I  graft 
Neoarterial tissue (~m) 108.5 _+ 26.0 194.6 _+ 13.2 154.0 _ 28.8 
Neomedia (p~rn) 90.3 _+ 15.9 119.0 _ 14.65 122.5 -4- 17.5~§ 
Neoadventitia (/~m) 21.0 +__ 18.5 75.6 +_ 8.1 31.5 +_. 14.6 
Five grafts in eachgroup were examined at each implantation period. Values given as mean plus or minus the standard eviation. Neoarterial tissue was 
defined as a regenerated tissue found between the endothelialized luminal surface and the Dacron fabric vascular graft. Note that the neoarterial tissues 
before implantation were highly hydrated gels with a mean thickness of 50/.~m. Neomedia was defined as a tissue predominantly occupied by SMCs that were 
identified by muscle-actin-specific antibody stain. Neoadventitia was defined as a tissue predominantly occupied by fibroblasts. 
*Statistically significant (p < 0.05) as compared with model I grafts at 2 weeks' implantation. 
tStatistically significant (t9 < 0.05) as compared with model I grafts at 12 weeks' implantation. 
$Statistically significant (p < 0.05) as compared with model II grafts at 2 weeks' implantation. 
§Not significant as compared with model II grafts at 12 weeks' implantation. 
Local accumulation at subendothelial layers and 
circumferential orientation of SMCs were observed 
for model II grafts at 12 weeks, the degree of which 
was almost comparable to that of model I grafts at 
26 weeks after implantation (Fig. 3, A and B). 
Proportionating to SMC orientation, collagen fibers 
exhibited a high degree of circumferential orienta- 
tion (Fig. 3, C). Layered elastic laminae parallel to 
the orientation of SMCs in the neomedia were 
observed only in model II grafts at 26 weeks' 
implantation (Fig. 4, C). However, the regeneration 
of elastin structure in model I grafts at this period 
was much behind that in model II grafts. 
These observations suggest that neoarterial wall 
regeneration until 6 months after implantation 
proceeds via the following three sequential stages: 
(1) synthetic phenotyped SMC proliferation and 
extracellular matrix (mainly collagen) production 
that form the neomedial tissue, which results in an 
increase in the neomedial thickness, (2) circum- 
ferential orientation of SMCs in the neomedia 
and regeneration of the neoadventitia, and (3) 
degeneration of the neoadventitia and generation 
of elastic laminae in the neomedia. Because an 
excessive proliferation of SMCs, which are totally 
in the synthetic stage as implanted, was not ob- 
served in the long-term phase in either model, 
SMCs in stage III must be the nonproliferating or 
contractile phenotype. Our detailed study on phe- 
notypic modulation of SMCs in hybrid grafts, 
which was done by intracellular ultrastructural 
analysis with transmission electron microscopy, 
indicates that SMCs in model I grafts at 12 weeks' 
implantation are dominated by the synthetic phe- 
notype, whereas those in model I grafts at 26 
weeks and model II grafts at both 12 and 26 weeks 
after implantation are dominated by the contrac- 
tile phenotype, similar to SMCs in nondiseased 
natural arteries. TM It is speculated that model I 
grafts at 26 weeks' implantation are considered to 
be in stage II, whereas model II grafts at this 
period have already entered stage III. Therefore it 
can be said that model II grafts were much more 
advanced than model I grafts in terms of tissue 
regeneration, which includes matrix production 
and organization and cellular proliferation, segre- 
gation, orientation, and phenotypic alteration. 
Our previous tudy 12 and those of others 13' 15 have 
demonstrated that circumferential orientation of 
SMCs was markedly enhanced when pulsatile stress- 
responsive compliant grafts were used. In this 
study, we used a high-porosity knitted graft that is 
generally classified as noncompliant as compared 
with natural vessels. However, arterial pulsation 
produced a slight degree of pulsation of grafts 
because of their high porosity, which apparently 
induced cellular and molecular orientations in a 
circumferential configuration. Such mechanical 
stimulation has been reported as an important stim- 
ulus for the SMCs to produce extracellular matrix 
such as elastic laminae and collagen in vitro. 16' 17 
Our study may suggest hat SMC circumferential 
layering responding to pulsatile-induced wall disten- 
tion is a prerequisite for generation of well-assem- 
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bled elastic laminae and phenotypic modulation, as 
was partly verified in our in vitro study. 14 
In conclusion, the incorporation of subendothelial 
SMC layers into EC-seeded hybrid grafts signifi- 
cantly enhanced the integrity and stability of 
neointima to provide a nonthrombogenic potential 
in the acute phase of implantation and to accelerate 
regeneration and remodeling of the neomedia nd 
neoadventitia n the long-term phase while a minimal 
increase in neoarterial thickness was maintained. It 
can be said that a hierarchically structured hybrid graft 
composed of ECs and SMCs provides considerable 
benefits to arterial wall replacement and regeneration. 
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